A simple equation has been developed for describing the bidirectional reflectance of some vegetative canopies and bare soil surfaces. The equation describes directional reflectance as a function of zenith and azimuth view angles and solar azimuth angle. The equation works for simulated and field measured red and IR reflectance under clear sky conditions. Hemispherical reflectance can be calculated as a function of the simple equation coefficients by integrating the equation over the hemisphere of view angles. A single equation for estimating soil bidirectional reflectance was obtained using the relationships between solar zenith angles and the simple equation coefficients for medium and rough soil distributions. The equation has many useful applications such as providing a lower level boundary condition in complex plant canopy models and providing an additional tool for studying bidirectional effects on pointable sensors.
Introduction
The bidirectional reflectance distribution function, a fundamental property describing the reflectance characteristics of a surface, has received increased attention in recent years in remote sensing. The soil or canopy bidirectional reflectance distribution is defined here as the reflectance at a multitude of possible view angles at a given time or solar position (see Nicodemus   1 for rigorous definition). Complex radiative transfer models have been used to identify the essential components of plant canopy and bare soil reflectance. 2 4 Our present understanding of how reflectance may vary with different environmental and physiological factors derives from a combination of modeling and field measurements of reflectance. A major difficulty limiting use of canopy or soil bidirectional information is the large volume of data, i.e., an entire 2-D distribution (zenith and azimuth view angles) for each sun angle for each site. A set of soil or canopy bidirectional reflectance values at a single site at ten solar zenith angles can easily consist of 1000 numbers. structure and environment contributing to the observed patterns). The widespread use of bidirectional reflectance data will not occur until we have a simple equation describing the distribution of reflectances as a function of zenith and azimuth view angles with a few parameters. A simple equation describing reflectance distributions provides several important immediate applications. For example, it could serve as (1) an equation for soil bidirectional reflectance as a lower boundary condition in complex plant canopy models, ( 2) a simple equation for canopy bidirectional reflectance as a lower boundary condition on atmospheric radiative transfer models, and (3) an additional tool for studying directional reflectance effects on wide angle and/or pointable sensors. Such an equation has proven difficult to formulate because it must accommodate a wide range of conditions such as plant type, plant density, and solar zenith angle change. This paper describes a simple equation that describes the bidirectional reflectance of visible and near-IR radiation as a function of view zenith and azimuth angles for several canopy and bare soil surfaces.
Background
Prior research has given a reasonably clear idea of the bidirectional reflectance distributions from healthy vegetation and bare soil under clear sky conditions. Efforts at modeling visible and near-IR solar energy interactions with vegetation canopies 2 -4 have generally produced results which agree well with measurements taken in SitU. 5 , 6 From these studies some general observations about vegetation canopy reflectance can be made: (a) reflectance generally increases with increasing zenith view angle for all azimuthal angles; (b) the greatest increase in reflectance usually occurs in the principal plane due to backscatter in the direction of the sun; (c) increased solar zenith angles tend to generally increase reflectance. Each of these characteristics has been found to be highly dependent on environmental, physiological, morphological, and optical properties of the canopy and the underlying surface. Considerable research is directed toward identifying and determining the roles of each of these properties.
Soil bidirectional reflectance distributions arise mainly from shadowing effects of aggregates. These distributions are similar in shape to canopy distributions and can be even more asymmetric or non-Lambertian. 
Equation Development
An examination of soil and canopy bidirectional reflectance distributions for a range of crop types, solar zenith angles, or leaf area indices reveals a general similarity of surface shapes. To obtain canopy reflectance distributions that could be used to explore simple forms of equations with few coefficients, eighteen different soybean canopy reflectance distributions were simulated using a deterministic model, Cupid. 7 Spherical leaf angle distributions under clear sky conditions were used in the generation of visible (0.5-0.6-,um) and near-IR (0.8-1.1-Mum) reflectances for three levels of leaf area index (LAI) under three different sun angle conditions. This spherical distribution is typical of corn or soybeans and many other canopies. Specified leaf visible reflectance and transmittance were 8 and 7%, respectively. Near-IR leaf reflectance was 46%, and transmittance was 52%. Visible soil reflectance was 15%, and near-IR soil reflectance was 23%. The output from Cupid consisted of estimated reflectances at azimuth angles ranging from 0 to 3600 at 450 increments and view zenith angle positions of 7, 22, 30, 45, and 60° ( Fig. 1 ).
The 2-D contours of the canopy reflectance distribution appear to be similar to the shape of the limacon of Pascal. A limacon equation
was modified, and coefficients were calculated via a least-squares fitting procedure to fit the general shape to a single contour. The rms difference between a distribution generated using the limacon equation and the original data is used as an indicator of the fit. This fitting/comparison procedure would have required fitting a separate equation to each contour but was discarded when the procedure resulted in unsatisfactorily high rms values. 
where r is the reflectance at a given view zenith Ov and view azimuth Xv look angle; a, b, and c are coefficients derived using a linear least-squares fitting procedure, and qs is the solar azimuth angle. Overall, the rms difference in reflectance between Eq. (2) and the model Cupid ranged from 0.1 to 0.2% for red and 0.3 to 3% for NIR (Table I) 
It is interesting to note that the second term does not contribute to the hemispherical reflectance. Equation (3) is very useful for converting nadir reflectance measurements from aircraft or satellites into hemispherical reflectance measurements. Such hemispherical reflectance estimates are essential if satellites or aircraft are to be used to estimate surface albedo for use in energy balance studies.
I'~~~~~~~~~~~~~~~~~~. IV.
Tests on Field Data
Equation (2) was tested by least-squares fits to soybean field data acquired from the Laboratory for Applications of Remote Sensing, Purdue University 8 ( Fig.   2 ). The rms differences range from 0.2 to 0.3% for red and 1.3 to 2.3% for NIR (Table II) . The similarity of these results to the modeled data is surprising considering that the field data also include measurement and sampling errors.
Equation (2) was tested further on eight soil bidirectional reflectance data sets of rough, medium, and smooth soil surfaces (Table II) . The rough surface was recently plowed from sod with furrows -15 cm deep. The medium surface had 2-5-cm clods from multiple tillages, and the smooth surface was a gravel parking lot with 0.5-1-cm gravel. The sensor used for these measurements is a collimated silicon cell that is normalized to solar irradiance by integrating the measured soil bidirectional distribution and setting the result of the integral equal to the hemispherical reflectance measured with an Eppley model 2 pyranometer. The rms differences for the soil data range from 0.6 to 3.3% (Table II) . The best fits are obtained on the smooth soil, while rough soil surfaces with large solar zenith and the medium soil surface with small solar zenith angle have the poorest fits.
A single simple equation to describe the soil bidirectional reflectance distribution with solar incidence angle would be extremely useful in modeling plant canopy bidirectional reflectance, because the equation could provide the soil boundary condition. The coefficients in Table II for the rough and medium soil surfaces can be plotted against solar zenith angle and fit with linear or quadratic curves. The resulting soil reflectance equation based on medium and rough surface data is Table II , and an example fit is shown in Fig.   3 . Although the fit of Eq. (4) to data (Fig. 3) is good, several features in the data are not represented by the fit, notably some apparent furrow structure and the hot spot which appears at the zenith view angle of 43°. Equation (4) does not fit the smooth surface data very well. This suggests that surface roughness may be important in soil bidirectional distributions. The ratio of nadir reflectance to hemispherical reflectance can be obtained from Eq. (3) or calculated directly from the measured reflectance data by performing a numerical integral (Table III) . These values compare reasonably with measurements of Salmonson and Marlatt 9 ; their values range from 0.41 to 0.88 for solar zenith angles from 56 to 820 over a dry desert lake bed, a sparse grassland, and a vegetation swamp. In general, the ratio of nadir to hemispherical reflectance tends to be larger at low zenith angles and smaller at high zenith angles. The ratio can exceed unity.
V. Conclusions
A simple three-term equation appears adequate for describing the bidirectional reflectance of some vege- The ratio of nadir to hemispherical reflectance can be estimated directly from two of the three parameters of the simple equation. Thus, given measurements of canopy bidirectional reflectance from three or more view angles, the bidirectional distribution can be estimated as can the ratio of nadir to hemispherical reflectance.
